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Diffraction Patterns Produced by Finite
Amplitude Waves

Al. A. ltRoIeAot AND E. A. IIIcIsEMANN

Dcparmloet of Plysics. Msichigaus Stoic University,
loass Lansing, Michigan

(Received February 6, 1961)
Pictures ate given which illustrate in detail the op~tical ellccts

produced by ultrasonic waves of finite amplitude in liquids. Theseeffects can be used for tile anlalysils of the w.ave form.

ILE, theory of the diffraction of light by an ultrasonic wave both ultrasonic intensity and distance fron a sinusoidally vihrat-

given by Raman and Nath' has been extended by Zankel ing transducer, the asymmetry of a difftraction pattern, formed
and Hiedemann" to the diffraction by oiistorted finite amlplitude when collimated light passes through the wave, increases both with
waves. Thtey give both theoretical and experimental results in the ultrasonic intensity and with distance from the source. This can
form of plots of the intensity of the first-, setmod-, and third- be seen in Fig. 1. The distances from a 1.76-Mc 6-cm diani quartzdiffraction orders as a function of the Rainan-Nathi parameter transducer are given at the otop. The values 17 givetn at the left are
v=2 L/jl, for various distances. From these curves one can see values of the Raman-Nath parameter v-2rAL/N. For this
that the intensities of the diffracted orders pass through maxima transducer the value v-7.5 corresponds roughly to a pressure
and minimal going to zero at certain v values. The way in which amplitude at the transducer of I atm.
the intensities of the various orders change with sound intensity The pictures in the first colunmn wcrc rn.ie for those values of
andt wave form can se seen even more readily from photographs pressure amplitude which gave alternately zeros of intensity in the
of the diffraction patterns, l'hotographs showing the intensity zero- and first-diffraction orders. The pictures in the second and
distribution it the diffraction orders at different ultrasonic third column were made at the same initial pressure amplitudes.
intensities for sinusoidal waves have been given hy NomotoA It can be seen that because of distortion and of absorption of the
photograhlhs of the images produced by finite amplitude waves, wave the zeros of intensity are no longer necessarily in the sante
using both wide and narrow light beams, will be Itresented here. orders. The zeros of the diffracted orrders are asymmetrical, as are

Since the distortio n a finite amplitude I ave increases with the intensiyy maxiIma. The positions ,f Ihe 1 axinia at the edges of

Sounld p~ath-
20 3,u€ '

mm 1 111iniii iioiiii

*hMill llilllllIl lIIIIIIIll I III E
E,"IIIIIIIIIIIIIIIIlI* IIII IIIiNIE IIfIIHM EIEN IEIINIIII

]iri. I. l.gtrtl rilfractloss lty tltrasorlir waoves itt Wa'te'r, I' I .2o) Nt¢.



2 LETTERS TO THE EDITOR

Sounad path-

3 20 36 cm
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Fi,. 2. "Narrow beam diffraction" by ultrasonic waves In water. F-1.76 Me. W-X12,

the pattern are also determined by the wave form. Mikhailov and ultrasonic wavelength. Tihe theory of narrow beam diffraction and
Shutilov

4 
have developed a method for inferring the ultrasonic its experimental verification have heen given by Hargrove, Zankel,

wave form from the positions of these maxima, and Hiedemann.9 The width of the patterns is the same as that of
Pictures of the diffraction patterns produced by distorted the corresponding diffraction patterns in Fig. 1. These images can

ultrasonic waves have been given by Mikhailov and Shutilov.,-0 be thought of as "smeared out" images of the discrete diffraction
The way the zeros of light intensity vary with ultrasonic intensity patterns, although the light intensity does not go to zero within
is not obvions in their photographs because of the high ultrasonic the pattern. To secure such zeros without discrete orders, the
intensities used. Minima of intensity are visible in Fig. 3 of light beam width should le between one-half and one ultrasonic
Shutilov.

7  
wavelength. Such patterns, produced by sinusoidal waves are

A homogeneous portion of the ultrasonic beam was used in these given by Breazealc and Hiedemann.10
exlteriments in order to secure zeros of intensity in the diffraction I C. V. Ramao and N. S. N. Nath Proc, Indian Acad. Scl. 2, 406 (1935);
pattern. This was accomplished by making the cross section of the 2, 413 (1935) ;3 75 (19M3) 3, 119 (10]36),
light beam -3 mm in diam. 2 K. f,. Zaakel and K, A. Iiiedeinnna, 1, Acoust. Soc, Am. 31. 44 (1959).l 0. Notnoto. Proc. Plhys. Math. Soc. japan (3] 22, 314 (1940).

If the light beamp width is less than one ultrasonic wave length, ' 1. G. Mikhailov and V. A. Shutlilov, Soviet Phys.-Acoustlcs 4, 174
discrete diffraction patterns are no longer formed. The image (19 M3)71 . iG. Mikhailov and V. A. Shutilov, Soviet Phys.--Acoustics 3, 217
appears broadenetl. If the ultrasonic wave is distorted the (197).
broadened image is asymmetrical, the eaore intense side of the 6 1. G. Miklhnilov and V. A. Shutiilov, Soviet Phys.-Acoustics S. 75(t 95';)).
image being closer to the undeflccted position and on the side of 7 V. A. Shltilov, Soviet PIhy,.-Acouaietcs, 5, 230 (1959).
the optical axis opposite the ultrasonic sources; i.e., the direction sM. A. Breazeale and E. A. Illedemann. J. Acoust. Suc. An. 30, 751

(1058).
of propagation of ultrasound is from left to right in hoth Figs. I 9 L. X. llarsrove, K, L. Zaokel, and I A. lledicasann, J. Acons[. Soc.
anid 2. Broadened images are shown in Fig. 2 for conditions itlenti- Aiii. 31. 1366 119501.

M. A. Breazeale and IV. A. Iliedesiaia, J, Aconst. Soc. Ain, 31, 24cal with those for Fig. 1, with a light henna width equal to half the 9391:
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LIGI T DIFFRACTION BY PROGRESSIVE ULTRASON IC
WAVES IN PLEXIGLAS-"

by W. G. MAYER and E. A. HIREmNIANN

Physics Department Michigan State University, East Lansing, Michigan, U.S.A.

Su a nt a r y
The optical grating produced by a progressive ultrasonic wave in Plexiglas, is used to

verify directly the Ranian-Nath theory for solids after it is shown that no finite aniplitelde
distortion of the waveformn is present. The absorption coefficient is determincdi by evaluating
the diffraction pattern.

itu S a no. ni e n I a ss u ni g
Das Yon einer fortschreitenden Ultrascdiallwelle in Plexiglas erzehigte optische Gitter wild

zumn direkten Beweis der Raman-Nathschen Theorie ffur Fcstkdrper beluutzt, nadidern gezeigt
wird, deli keine Aufsteilting tier WVellcnform durrit cadlidie Ainplitudcrn festzostellen ist. Der
Ahworptionskoleffizient wird durch Auswertung von Beagungsspektren bestiiunt.

S otin aola i re

Pour vl~rificr (lirectloemet Ial thdonic dic Raaian-Nath stir les solirics, onl iitili.46 le res46.m
optiqite produit par tite onde ultrasonore progressive datos Ic plexiglas, apri4s avoir d~ionI'tat
(ttiiatictm (listortion finic do, la forme d'once W'est pri~scite. Le coefficient d'ahsorption clit
letorminia par Ff'waioatioii des spectres tic dliffraetion.

1. Introduction agreement between theory and measured values in

The theCory of 11AM AN anad NAIl [I I1 IrfediitS that same liquidtIis may lie attribu ted to this effect. Fur.

the light intensity ill the nilt' order of a diffraction brieungIlqdwthm eaeasopon

pattern producedio by aI Progressive itltraosinic wave it is more difficult to produte a1 pure p)rogressive

is oniyen by wave thatn wits, reatlized ill 'ionic early investigations.
1
n I, (ii) .(1) RIeflected waves wvill tendl to in fluentce the light in.

w here ill is thle 11iti order Bessel function of ar-gti- tensi ty d istributiotn of thie. diff~raction pattern.

mlent to Tlhe pn ralitetei r) iis g iVeil liy 2. Procedture
v -2 T t LI1./ . (2) The IIAMAN-NArTi theory was ver-ifiedl indirectly

I lere L. is the( path length of the( light in tOwilta for soilids by the( work of Muei.ut 16.], [7] dealing
sottic beton ,n ite il( maximumIII chainge of inde(x of with, eluasto-opilial conlstants. ])irect verifications of
ref raction, and ;. the waveleingthi of thle light. the light otlensity distribatutio in the diffraction

SANDERS 121, Nomorro 1:1 until others have founil pattern wverto reported only for liqulids. Ili solids like

Satisfactory aigr-eement betweenl tile resutlts of their glasse's atnd tr-iisparettt irystalls oinly the- effecits of
exlzeritacuilitl wirk ill liqil s andi it. (I ). I loWever, staitionary waves were obtserved onl account of the
thler are sonlie niittir hisirelt~pluies betweenV~ theC sitittll soundi abhsiorption inl these subhstances. l'Itmol-z

iitiitri'd vl ovlitand 1tu v thetieoturticail titivist. Siimte of 1 I81 used tite spaciing of the( diiffriiction pattern
Ijiesv deviation. Imutt he eiulanitcd in tli light if piodiuced ly1I-ls itt)asnic vwiives toi Iemiiit'iiiii' the itiuld
riieT(t exper-huiltnt bY ZARM',tto. K ItAsIi.tItii%' anid velocity ill Plexiglas whtire the( abtlisoption is very
SILNti SKAi(tAt.Kuttii[ I I atndu ZANKIMii Wuui htIi tIDEANN high its repuorteid by 111,%ox and MeSmmimi [9].
1-71 who shlowed that thle pre'sentce of higher iiur* Ple1(xiglajs should therefore lie useful for the( study
tinuioll coiiupiiit'ltts ill alii originally siliisoidai liitia- if the diff~raictiont pattvito pioiluieul by a priigressive

Sotic 1u ut. wilvl ttit only, iiiiisv asinYitttrties ill thti' ruein a SOli;il the high ftlisorlttittrt (oeffititilt

lighlistriltitl iiof the( diffiractioni patiternt hut will makes it piossibie to cxci tide re-flected waves. In thle

also shilft the titutxiilit atnid umllut of a1 diffrttctionu exprimntit dlescribed here It bdm-k of Pl'xiglams is
order to other tablues of I- thani preilicteil bl eqI. (Ii). 10i lihli heiiieilo ciii .- 20(1c -,' riin.
ýNitte tiullte atulil~lutil distortions (seconid hititlo- Consideing Iiicte value of tabsiorptionr p'iven biy WNlxxr
tics) tin' cotmoiinly prvsetit itt the rantges vdli'nt' and N\4lil~mimt. 2 .5 illh/iii for 2.5NMIcs, one sees
Ilt(IetSitriii1eiits klr' litotititthl tiitile. Illv~ Slight di- thiztt talt oltriasoiiic wanve of that freqiteaiy travelling

* thk work wiis ýoiiparteil lv the O(fleve oif Naval ill the diii mitioni of till( liiigist dimitensiont if the block

lle-carrli,.S.A N in, tatnd li thle Nattionial Science w~ill retirnit) tOl, trarisuhtier attenualted by severall
Founda~t~ion,. Griint NSl-; i'i1t hundlred I1
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Diffraction of Light by Ultrasonic Waves of Various Standing Wave Ratios*

B3. D. Coos4 AND I-. A. HIRDFAMANN
Deparlineal of Physics, M!ichigan Staec Unoiversity, IEast Lansing, MichIigan

(Received January 16, 1961)

The theory for thc (diffraction of light by plalne ultrasonic waves of v'ariouis standing wave ratios is dIerived.
The liquid mediumn disturbed by the ultrasound is considleredl to acet as an opltical p~hasr grating, By
evaluating the diffraction integral for the light amplitude, expressions for the Doppler shift, the timne
dlependlent, and the timie average light intensit ies are found for the diffraction spectrumn. Exrperimtental

mecasurements using two adjacent ultrasonic waves progressing in opposite dlirections to simulate the
desired optical phase grating indicate that I he theory is valitd.

INTRODUCTION Recently, Mertens" has theoretically given the criteria

TmHE previous studies ef the diffraction of light by for the conditions under wvhich successive diffraction
I ultrasound havc considered two extreme cases: by two sound beams is the same as simultaneous

the progressive wave and the stationary wave. In this diffraction.
investigation the simplified Raman and Nath theory THEORY
is extended to the diffraction of light by ultrasound of TPhe simplified Raman and Nath theory evaluates a
various standing wave ratios. dliffraction integral for a phase grating. For a collinmated

The simplified theory of Ranian andi Nathtl considers monochromatic light beam of width 2D at normal
the mediumn to act as anl op~tical phase grating and incidence to an infinite transmission phase grating, the
assumes that there is no amplitude modulation of the apiuedsrbta ftedfrce.lgti ie
light wavefront emerging from the ultrasound. For amltd itiutu ftedfrctdlgti ie
progressive and stationary waves this theory is success- 1
ful in predicting inot only the separation and intensities A4 (0) =Ceio~ c!1 ~ i~vxI]d, (1)
of the diffracted orders but also the D)oppler shift of f 1)
the dliffracted light. Other theoretical considerations
have shiown that the Simplified theory is valid over a where zt 21r/X and 1= sinO. X~ is the wavelength of the
widle range of experimenttal conditions. light, w is the angular frequency of the light, and 0 is

For both p)rogressive and stationary waves Sanders 2 the angle at which the light is diffractced; C is a normnl-
experiment ally confirmued the light intensities given by i',ation constant. Thle term %'(.e,t) is a dlimenisionless
the lRanian and Nath theory. Debyc, Sack, and parameter describing the optical p)hase grating inl Space

C'otulon' first experimentattlly detected the Douppler and time.
shift. By tising magnetic detuning tif the mercury This parameter v(x,l) is related to the instantaneous
resonance line, Ali' has dlirectly measured the Doppler sound presstire through the change of index of refrac-
Shift for progressive waves. tion. For plane ultrasoinic watves tof instantaneous

Thei light intensity in the diffracted orders is also pressure p (x,l),
timne delpendcnt for standinig waves of finite standing v(x,t)= (27rLK/X)P(.r,/), (2)
wvave rattio (SWR). Th'lese tirders can be used as at where K is the piezo-optic constant for the metdium aiid
light Souirce for a strohosctope. Tlherefore, to fully 1, is t lie' width of thle Sotund beam.
uinderstaind the piriniciples of Ihe ultrasonic modulation TPhe instantaneous pressure in a sinusoidal standing
stroboscope, it is necessitry to understand how light is wave may be written its
dlfrttctcd by ultrasonic walves (if various SWIR.

A two-trrtnsducer method is tised to piroiduce an p(.r:,I) =p sini(wo*Ik*x)± (p/i) sin (w*I+k*.C), (3)
optical grating correspontding to tine produtced by a where w* antI k* are the acoustic angular frequency
Stationary wave. Th'le light is diffracteid Successively and wave coinstant, respectively. Tlhe iqtuantity ae is the
by two adtjacentt, opposmitely directed sountd beams, standing watve ratio (SWI{), i.e., the raito oif the
Otherst5" have tised this method to some success. arnplittide of the intcident wave to thle amplitudle rif

*This rescarel, was sitj ordt Iv the ilt bcvt~ of O rilnaitcc the reflected wave. ['or such a. statnding wave the
Retsearchi, V. S, Arm), andt ty thme 0 ffice of Naval lResearch.

JNational Science l'otmot~lii on C'ooperative Fellow. diffiraction integral becomes
IC. V. Ratniai anid N. S. Nath It. roc. Indmiani Acadi. Sci. A2, -tioo

0 1035); 3 7 5 (103),t)
F.i1. Sanders, Cani. J. liesearch (At 11, lS (1936). .1 (0) Cei'Ci eNIt i (~x *f..... 1k*x)

11. lDclve, It. Sack', tiid F'. Coutlonr, toniil. renid. 198, 9)22

L.. Ali. I lely,. Il'vs. Atia 9, 63 (19,16).
Rý. Ba~r, Illclv. lbks. Acta, 9, 678 (1930.tti sin ('4 ~) x i)

'A *\* anic, M, l'ancotloml, anud S. l'arlhasarath. , J. S,. lInd.

K i-s'a rclm 3, 64 11944 1.94(:) (efk.]ji.A. tGiamcmnmini, Ricerca Sri. 18, R03 I141 R. Meriens,7, 1lhysil; 160, 291 M(i9/).,
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Using the identity '5 a-

h,,' • .Jr(b)e", (5) SWR.l SWRI.5

where J, is the rth order Bessel Function, Eq. (4) upon 2 ".2 •
integration gives .1o C

I 20 3 4 0 1 3 4 0 4 6.IC (O) 2C'ci"i• 2 .Jr0( I). exp)[i(r+s)wo*1] .V .V

A -) SWR2 .4- SWRcoX) IsinUE-t- (s- r)k*]D)/E21+ (s- r)k*]. (6) T,
.2- .2,

To normalize, it is assumed that the light amplitude .1
at 6-() equals unity for v=0; thus one finds C= 1/2D. 00
Let n=r--s, and then Eq. (6) becomes 1 2 3 v 4 5 6 0 l 2 3v4 5 6

2') ]Fic. 2. Theoretical average light intensitics in the
J .l0(v)J. II'f. first orders for different SWR.

c •( +, incident light of frequency v, the nth o- ler contains

where Xexlp{,L(2r-,)wk+** t)D , (7) light of frequencies P+(2r-u)s* with amplitudes
(8) Jr(l).b ,,(v/a), where r takes on all integral values,
(8) positive and negative. The amplitude of these non-

For ideal diffraction, D -- z' . If',, then has nonzero coherent components of tle light in each order depends
values only for on the SWR while the actual frequency shift does not.

il- nk= 0, (9) The time-dependent intensity in the uth order is

which means that light occurs only at angles given by J,= A .A ,,

sl,,O=- ,/X*. (10)

Thus the light is diffracted into discrete orders of P w ( a).
amplitude A,. given by

X-xli2(r--p)w*]• (12)

S(11) and the time average light intensity is

The interpretation given to Eq. (11) is that tile light 7, : .1;(i). " (13)
in the orders has undergone different amounts ofI )nppler shift. For ultrasound of frequency v* and lDrquation (13) reduces to the Raman and Nath results

1.0 1.0 for both progressive and stationary waves, For pro-
.- .. gressive waves (a - - ), the light i the jitlih order is

SWR- I SWR. 1.5 of a single frequency s+nu,*. The expressions for theTO. .6ito cime-dependent and average light intensities are

.4-.4 identical. They are given by
".2 . .2 "=I ,= .I , ,(,) (I2I)

0123456 0123456 as

1. , V 1.0 V .It.-(0)-- ... (15)

.1 .8' l-or stationary waves the time-dependent light inlensity
""SWR.a .6 SWR0 is expressed in a more convenient form if one writes

T;I T.for the phase grating
.4- .4-

2,e v(x,t) = 2v osw*i sitik*x. (1I)

00 Is 00 1 2 3 4 5 6 After ilt egrating and normalizing as aljov,, the timc-
V V dependent light intensity becomes

Icl:. 1. Tihorvitrll average l igh t 1r1cilil cis if) III(.
z ,,r r, for diifcren SWR. T,. I . •2(27- ros,,*). (17)
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From Eq. (13) or by taking the time average of Eq. .5. .5.
(17) one finds that the time average light intensity for A4 .4-
a stationary wave is SWR*I 3* SWR*1.5

.23

Th iedependence of Eq, (17) follows from Eq. (14) a 4 5 0I2 4 5

if one considers the grating model. For a progressive 0* 12s V 4_ 001Z3V456

wave the grating is translating in its own plane. .4 4
Translation of anl infinite grating does not change the 3 SR2SWR-oo
light distribution in the diffracted orders. For a T.
stationary wave one may consider the grating fixed .2.

in space and the magnitude of the phase variation to .i .

be sinusoidal in time. Thus the light intensities of the OF 0 Z
orders vary in time as the magnitude of thle phase 0 123V456 M 2 v45
grating varies. Via. 4. TIheoretical average light intcnsiflic ini the

Equations (17) and (18) are the same as those th~irud orders for di~fferent SWR,.
given by Raman and Nath'09 except that the equations
of Raman and Nath have 4v rather than v as thle determined by optical means. For at certain applied

rf potential to thle transducers, the v value of each
soun may be dctermined individually from Eq, (14)

SWR-I 8WR415 if thle other transducer is placed such that its soundT~j ~A. beam does not cross the optical xiath. The two pro-
TB.2 gressive waves are obtained by eliminiiating reflections

.1 .~ in a sp)ecially designed tank. This tanik is n modification
0 onl the one describedl by Hargrove, Zankel, and
0 1 2 34 5 6 Iiedcmann.15 The sound traveling in each direction

.5 . 5V is absorbed by a castor oil termination.

.4- SR2 .4- SR-D A schematic dliagranm is shown in Fig. 5. The mercury
SWR2 SR~~ light source illuminates the slit S1, Tlhe collimated

~.3 beam prodlucedl by lens 112 is normal to both sound

beams. Thec light int ensities, of the difflractedl orders are
.1 .1measured by it photomultiplier.

0 0 0 r wo air-backed quartz tranisducers are dlriven by at
V V crystal-controlled 500-w transmitter, Tlhe transducers

tic. 3. 'I'iviortieitl average lighit jotenitvi hiflit! are 1 inl. sq. The relative ultrasonic output of the
siciiii ordrs or ,iffrentswi. tansducer is controlleid with at variable inductance

uised1 as anl imperlance mnatch lietween transmnitter a.nd[
argument of the Bessel ftinctiolis. T[his dilfurence the transducers.
arises hecause the Ramana and Nath iv refers toi the T1he average light intensity is ineasurcil with at
m1aximlum ampl ituode ill thle stationary wave, wheruas', ni icrop ilotonmeter phiitiimnultip1icr. lor titne-d open (but
the V ill IEis. ( 17) and (18) refers to the amplitude of measurements the output signal of the photoilultiplier
thle separate oppiisitc-direct ed waves.

Figures 1- 4 show theoretical curves for tile average
light intensities in thle zero, first, second, aind thir'dM
ordhers, respectively, for various standing wave ratios. TRANSDUCER

Only for progressive waves do tile miinimumlls. of tile
light intenisities become zerols.

Al pical phs grating euirreshini~nlihg to that o , S 2L

progressive waves t raveling in ohpiisitu dhirections. SOUND ABSORBER

Te optical~ ais ainterep~ ts hothI snotail beamns norinall y.
Te arrainveren t of twvo MijattCent son ni beams,, is Ii; . ,ti iaiii~t~ramn ofi ietiirjimoi,'i aplelratils.

used becaluse inl t his way lie SW R cal ii e readily' 1*"* , . L.. carI E.\ VIitearn J.
'N. S, Nl,i I,.kiisi. Z/. 1, 20,3 1030), A,-iist soc. A111. .1to, LiiS') (99.
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is amplified by two wide-band amplifiers in cascade 1.0. 1.0.'
and displayed on an oscilloscope. .6, , I

To avoid finite amplitude effects the measurements .- .6
are made at low intensities and close to the transducers. ..
All measurements are made in water at room temper-
ature at the frequency of 1 Me. 0

EXPERIMENTAL OBSERVATIONS -IV2 0 J a S 3y2

Figure 6 shows experimental values and theoretical V81.25 V83.0
curves for three orders at SWR=2. Within experi- .6. .6
mental accuracy the orders are symmetric about the .4 I.4
zero order. The agreement between theory and expert- 11.2 .2
ment is best at small v values. At higher v values the a
deviations are probably caused by the fact that the o P 0 3,122A
theory assumes that the light is diffracted simul-
taneously by the two beams while the experimental Fre. 7. Theoretical time dependent light intensities of the zero
arrangement is such that it is diffracted first by one and first orders for a stationary wave of v= 1.25 and v=3,0.

beam, then by the other. Using the reasoning of for the first order for two values of v. It is evident from
Mertens," one would expect higher discrepancies at Eq. (17) that the orders higher than the first will also
higher v values for successive diffraction as the light exhibit time-dependence similar to that of the first
may be bent significantly by the first beam. order. The modulation of these less-intense higher

The shape of oscilloscope traces representing the orders is not as suitable for stroboscopic use as the
time-dependent intensities are similar to the curves zero order.
predicted by Eqs. (12) and (17). Maximum modulation Equation (12) gives the harmonic structure of the
is observed to occur when SWR= 1. magnitude of the light intensities of the diffracted

orders for any SWR. From this equation it is seen
MODULATION STROBOSCOPES "that the fundamental frequency of light modulation is

As the maximum time-dependent modulation occurs 2p* for all finite SWR. For all finite SWR<1, the
when SWR= 1, the diffracted orders caused by the diffracted orders are not completely modulated but each
stationary waves are used extensively as sources of has residual light which does not undergo modulation.
modulated light especially in stroboscopes. The zero
order provides two pulses of light per period of ultra- SUMMARY
sound. This pulse width is dependent on the parameter Expressions for the diffraction of light by plane
it as shown in Fig. 7. In general the pulse width de- ultrasonic waves of various standing wave ratios are
creases as the parameter v is increased; however, derived using the method of Raman and Nath. This
satellite pulses occur at v greater than three, method consists of evaluating a diffraction integral

IFigure 7 also shows the time-dependent light intensity for an optical phase grating. The expressions for the
light intensity of the diffraction spectrum reduce to

1.0 ~ ~ -those given by Raman and Nath for progressive and
.8.4-. stationary waves.

The light intensities in the diffracted orders arc
.el found to be time dependent for standing waves with
.4. '2 finite standing wave ratio (SWR). In application to
.2 - . , . diffraction type stroboscopes, the amount of light

0__,___ modulation in the diffracted orders can now he
1- 2 3 V 4 4 5 6 determined for various SWR.

.5. It is theoretically shown that the magnitudes of

.4- SWR.2 noncoherent components resulting from l)oppler shift
depend on the SWR. Further, for finite SWR, theT! WATER frequency shift is found to be independent of SWR.

.2 F.I.OMC. Measurements of time-dependent and average light
".1. EX. .... intensities indicate that the theoretical results are valid.
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EYPERITENT4L cTUtIES OT THE "LEART 'PTBLE WAVEFORV"

On propagqting through P liuid, an ultrasonio wave of

large nmplitude cin untdergo distortion so thnt the slope of its

leadinp edge is much greater thqn thAt of its trailing edge.

If such q non-symmetric wqve is reflected from a boundary, two

extreme coses are possible: the wsveform may be unchanged, as in

the cise of a perfectly ripgid reflector, or it may be inverted,

as in the case of a perfect pressure release reflector. For a

pressure release reflector, the resulting waveform would have the

slope of Its trailing edge greater than the slope of its leading

edge. Such a waveform has been described by Fy 1 as the "least

stoble waveform" in contrast with the more usual cise of the most

stable waveform. In the lenst stcble w-veform the fundamental

harmonic component can incre"se with distance, while the higher

hbrwonics decrease with distance2 . Thus, mn initially distorted

wave cqn become unaistorted as it progresses. The following

experiment was designed to demonstrate the inversion of waveform

on reflection from a pressure release boundary and this decrease

of distortion with distince. I

Spressure release refl-ctor wqs conptructed by stretching

a plistic membrane ovir in nir chamber and a rigid one by mounting

an aluminum plite so it coul'! be easily attached in plftce of the

pressure release toundary.



Pige 13.

The experiment wns performed with high intensity 2 Vo

ultrnsonic pulses In water. The weveform of the ultrasonic pulse

nt various distnrnces before and nftcr it h-id been reflected was

monitored by use of q barium titannte trnnsducer. Since the

receiver resonnted neer the second harmonic, this harmonic was

accentuqted in the wiveform displayed on qn oscilloscope. Further,

the receiver resonqnce coused I phase shift of q1most 900 in the

second harmonic component displayed on the oscilloscope. This

made it possible to detect very smnll imounts of second harmonic

by observing the "fl.ttening" of the bottom of the oscilloscope

trice nnd the "shqrpeuing" of the top. This is illustrited in

Fig. 1. For i distorted wqve such Is thqt illustrited in (a) we

get the oscilloscope trice shown in (b) when the phose shift of

the second harmonic is 900. The increise of waveform distortion

with distance could be observed by wntching this type of distortion

on the scope. Since there is R phase shift of 1800 in ench of the

hrmonics when n rigid reflector is used -nd 00 when 9 pressure

release reflector is used, the corresponding oscilloscope trnces

differed mnrkedly from eich other.

In Fig. 2 is given I series of pictures of oscilloscope

trices which show the trnnsducer output it incressing distances

from tha source. It cin be seen that the distortion of the wive-

form increnses with diptance. As indicated, reflection from n

solid bounary, projuced the w'veforms shown in the second row of

pictures where it cin be s2en thbt the Aistortion continues to
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Increlse with increlsing distince. On the other hqnd, the lower

pert of the figure shows thnt the wive on reflection from a

pressure-release boundnry is inverted; i.e. it is distorted in

the "wrong directlon." Therefore, the distortion decreases with

incrý;nsing distmnce until ct R distinee from the pressure-

release reflector qlmoEt oeiuJl 7o thhat between the trensducer

ind the bounriry, the wnveform is Rgriin essentinlly sinusoidel.

On progressing fnrther, the wqve becoi-es sinusold.l ind then dis-

torts 991in.

This behavior led us to woneer wb-t the siutition would

be if we were to use such reflectors to set up standing wnves,

using continuous w~vevs instead of pulses. We investigated these

stqnding finite nmplitudo waves by looking it the opticnl diffrac-

tion effects.

One of the riisons for winting to mnike this investigetion

0
is that, 1Ithough qll of the details were not worked out initiolly,
the study of stlnding wves by optical1 refrqction resulted in the

first indication thct finite implitude distortion in liquids wns

1-rge enough to proluc- intaresting optic~l affects, Now, ZInkel

his solved the problem of the diffr!ction of light by progressive

finite qmplltude w,'ves -nd Cook his solved the problem of the dif-

frcction of light by R stinOhing sinusoildl wive of arbitriry stand-

Ing wlve ritio. "4e, therefore, ire nble to use their results in

consqdering the rliffrcction of light by st-rn.Ing flnlte qmplitude

wives of qrbitriry stenqing wive rqtio. Tb~s problem is r.tber
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complicted, -nd hbs not been workAe out in detail; however, having

these results using the rigid qnd the pressure releise boundary,

some conclusions nbout the diffriction of light by stinaing finite

implitude wives cmn be mde.

Consiler now whqt would hippen if we hid r standing w-ve

mide up of distorted wivcs travellirg t.u opposite directions, the

distortion being such th-t the lending edges ire steepest. This

is the situition one fines with i rigid reflector if the standing

wave system is observed ncn. the reflector. The diffraction

pnttern proluced by such i system of wnves would. be syimmotric11;

i.e. the positive Ind negitive diffraction orders will be of equal

intensity. This should be true for mll sound intensities. On

the other hnnd, the stinaing wqvo system found when we hove I

pressure releise reflector would be the superposition of, sqy, R

w~ve going to thi right with n, steep le'iing edge with R wave

going to thi lft with - stecp treiling edge. Such n system would

produce n diffriction pittorn which is Isymmetricil since the

dýistortions of the wnvos ire in the sqme direction. The assumption

mnde here ibout the stinling w"ve system is strictly vqlid only

in the vicinity of the r)fl:ctor. We, therefore, pissed i beam

of light ns close ns possible to the riflector qnd observed how the

charicter of th,) liffriction pitt.'rn ch-nged is the dist-nce be-

tween source and reflector wis increased.

The chnrqcter of the entire i•iffrnction pattern cin be

relizcd by obse3rving how the first -iffr-ction order chnngcs with
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incr--ýnse of soufld intensity n'fl' cornp'ring the experimartil vnlucs

with wbnt woulM. be ',ýxnecteMi If one hb'd sinuso2Ad2. wives. This

compnrison wis ni~de by firpt seatting the source -"nl reflector

within 3 Cm. of e-ob oth:r.r 4t this c~istqrce, wh!ýtaver be the

refltictor, th:) wn yes n're sinusoidml. Therefore, one c~n on1oul-te

the Intonsity of light in the diffriction orders from the eýxpressl.on

(V

where

ks Is Inlionted, the runnt~ty v Is proportionil to thcN sound pres-

sure Rmplitule 15, which is proportion,1l the, theý que~rtz voltn.ge.K Is

thea 151zo-optic coe~ffcinnt Ln: is the width of the sound belrn.

Th.n proportio-nq1ity constint batwien the riunrtz voltige ind v wis

fo~un' by observing thnt wh-~t cv'Žr thý stnndiing wive r'itic the

Intons ity of the zcero ord9er Ill pqSS through tba common v~lue of

30'9 of tb;, 1rncVnt Intensity it the vn'1ue v -1.4. W4ith this

cq1ibrn~tlon it Is possible to compeiro the theoreticil vqlucs of

light intansity in iny orý!ýr with the experim-entnl onos. Wc look

I~t the first offer curves.

FIF, 3 shows 'how the 11Fht intensity In the- first orders
v~rics with Incrcý,sing soundq Pr'.-sure when tha rigid rcfl1ýctor is

used. The positive -~nd n:*.rntivý) orde~rs wr~rc of ýqu,%i intensity

to within exparim.%ntcil c.rror. Th.ý syrrreitry of the iiffriction

P,,tt,,rn Is thus vcrifi'A. It will beD roted, th,'t is the distince
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lsi ncr',sed betwqen source "nd refl:)ctor the experimcntql points

deviate more 'nd more from the tbeoreticnl curve. This is ciused

by the fqct thnt the second hqrmoonic is incrensing. This second

hqrmonic roos rot nffect the symmetry of the pntt-rn, but it does

Rffect the Int;'nsity. This, then, is not cince1lition of the type

Z'nkcl ind Nayer prolucod when they used two progressive finite

implitule wives trivelling in the s-me rilrection.

On the other h-nd, the presence of second h-rmonic cnn

produce ".symmetry. This is shown in Fig. 4 where we have used I

pressure relense reflector. ýt 3 cm between source and reflector

the second hbrmonio is not present even for the highest qmplitude

used. As the distince increases the second h-rmonic increises

qnd this tima proluces gn isymmetry of the pqttern. This asymmetry

is a meisure of the nmount of the second hbrmonic present. It can

thus leqd to i ieterminition of the wqveform in sp9ce. (The time

Iependence of the weve form c'n be obtained from i study of the

wy the dliffrnction pittern is mo'ulnted by using in ic photo-

multiplier, Thus, the presence of the le'st stqble wqveform

mokes it possible to use opticil methods to determine the

wqveform Mistortion of P standing finite implituie wqve.
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